Sweet Sorghum is largely grown for grain production but also recently emerged as one of the model feedstock plants for biofuel production. In plants, microRNA (miRNA)-guided gene regulation plays a key role in diverse biological processes, thus, their identification in different plant species is essential to understand post-transcriptional gene regulation. To identify miRNAs in Sorghum, we sequenced a small RNA library. Sequence analysis revealed the identity of 29 conserved miRNA families. Importantly, 13 novel miRNAs are identified, seven of which are conserved in closely related monocots. Temporal expression analysis of conserved and novel miRNAs indicated differential expression of several miRNAs. Approximately 125 genes that play diverse roles have been predicted as targets and a few targets were experimentally validated. These results provided insights into miRNA-controlled processes in Sorghum and also laid the foundation for manipulating miRNAs or their targets for improving biomass production and stress tolerance in Sorghum.
Introduction
Highly coordinated multiple gene regulatory mechanisms involving transcriptional, post-transcriptional and post-translational regulations in a spatio-and temporal-specific manner determine the optimal plant growth and development, plant progression into different phases, as well as other physiological processes, including stress responses [1] [2] [3] . Recently identified microRNAs (miRNAs) act as regulators of gene expression at the post-transcriptional level in higher eukaryotes [1, 2, 4] . In plants, miRNA genes are transcribed, and the resulting primary miRNA transcripts can adopt a hairpin-like structure, which is processed by the enzyme Dicer-like 1. Several other proteins such as hyponastic leaves 1 (a double-stranded RNA [dsRNA] binding protein), serrate (a C2H2 zinc-finger protein), and Dawdle (DDL), help the DCL-1 enzyme process the mature miRNA duplex (miRNA and miRNA*) from the hairpin-like structure. A methyl group is added to the 3′ ends of the miRNA duplex by the HEN1, a methyltransferase to stabilize the duplex [5] . The methylated miRNA:miRNA* duplex is then exported to the cytoplasm by HASTY5 (a plant ortholog of exportin 5) [6] , where the miRNA is loaded into the RNA-induced Silencing Complex containing Argonaute protein. In plants, miRNAs show near-perfect complementarity to their target mRNAs. The interaction between miRNA and its mRNA target leads to the degradation of target mRNA and/or prevents the target mRNA translation [1, 7] . Sorghum (Sorghum bicolor L. Moench), an African grass related to sugarcane and maize, is grown for food, feed, fiber and fuel [8] . As a C4 plant species, Sorghum has high photosynthetic efficiency for converting solar energy to biomass and high water use efficiency for growing in high-temperature and drought-prone areas and can be grown on poor and marginal lands [9, 10] . Because Sorghum can thrive in hot, semidry places, it feeds more than 500 million people in 98 countries, especially in arid and semi-arid regions [11] . Sorghum is not used widely as food grain in the United States but recently attracted much attention as a versatile feedstock for large-scale bioenergy production. Despite its importance both as a grain producer and as an emerging biofuel crop species, we know little about the gene-regulatory processes controlling the plant architecture, biomass accumulation, nutrient uptake and assimilation and stress responses in Sorghum. An understanding of these processes could assist in designing biotechnological strategies aimed at improving grain or biomass production.
To date, small RNAs have been identified in rice, Arabidopsis, rice, Populus, Physcomitrella, Medicago truncatula, switchgrass, tomato and several other plant species [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . These studies indicated the expression of lineage-specific and species-specific miRNAs besides the ~21 well-conserved miRNA families. Thus far, some of the conserved miRNAs in Sorghum have been only predicted [8, 24] and novel miRNAs have not been identified. Here, we report the identification of not only conserved miRNAs but also 13 novel miRNA families, 7 of which are conserved in closely related monocots. We also determined the temporal expression of conserved and novel miRNAs and predicted their mRNA targets, and validated a few targets in Sorghum.
Materials and methods

Construction of a small RNA library, sequencing and sequence analysis
We constructed a small RNA library from the 3-week-old sweet Sorghum (M81E) seedlings as previously described [15] . In brief, small RNAs of 18-28 nt were fractionated, isolated and ligated with the 5′ and 3′ RNA adapters. Then the ligated small RNAs with adapters were used for reverse transcription and subsequent PCR. The final PCR product was purified and sequenced by using 454-pyrosequencing technology.
Total RNA was isolated from the three-week-old Sorghum (M81E) seedlings using Trizol reagent. Small RNAs of the desired size range (18-24 nt) were gel-isolated (denaturing 15% polyacrylamide gel) and small RNA library was constructed as previously described [15] . In brief, small RNAs were dephosphorylated and then ligated to a 3′ RNA oligonucleotide adapter. The ligation product was recovered from the gel and re-phosphorylated at the 5′end of small RNAs and receovered after ethanol precipitation. Next, the 5′ RNA adapter was ligated and the ligation product was excised and eluted from the gel. Reverse transcription reaction was performed using the RT primer (AAGGATGCGGTTAAA), subsequently PCR was performed using the forward (TACTAATACGACTCACTAAA) and reverse (AAGGATGCGGT-TAAA) primers. A small aliquot (1-2 μl) of the final PCR product electrophoresed using 3% low-melting agarose gel along with a 25 bp DNA ladder. The final PCR product was purified and sequenced by using 454-pyrosequencing technology.
The adaptor sequences of the raw reads were trimmed, and the small RNAs in between the adaptors were extracted. The redundant sequences were eliminated, and unique small RNAs were counted. The unique small RNAs were aligned to RNAs in the databases Repbase (version 14.01, obtained from http://www.girinst.org) and the TIGR Sorghum Repeats DB (http://plantrepeats.plantbiology.msu. edu/downloads.html), known noncoding RNAs (e.g., rRNAs, tRNAs, snRNAs, snoRNAs obtained from http://www.sanger.ac.uk/Software/ Rfam/ftp.shtml) and mRNAs of S. bicolor (http://genome.jgi-psf.org/ Sorbi1/Sorbi1.download.ftp.html, filtered models) obtained by NCBI BLASTN search. Small RNAs mapped to these non-coding RNAs were removed from the dataset. Then the small RNAs were mapped to the reported miRNAs in the miRBase (release 16, obtained from http:// microrna.sanger.ac.uk/sequences/ftp.shtml). Small RNAs that were mapped to known miRNAs of S. bicolor or other plant species resulted in identification of conserved miRNA homologs in Sorghum. The remaining unique small RNAs were aligned to the genome sequence of S. bicolor (downloaded from http://genome.jgi-psf.org/Sorbi1/Sorbi1. download.ftp.html, masked assembly) by use of BLASTN. Unique small RNAs with more than 10 genomic hits were removed from further analysis because these small RNAs might have been derived from repeat-rich loci. The flanking regions of the remaining genome-matched sequences were extracted, and the fold-back structures were predicted with use of the RNAfold program [25] . The small RNAs for which a fold-back structure could be predicted were considered potential new miRNAs. Most importantly, sequencing miRNA* is a prerequisite to name a new small RNA as a new miRNA in plants [26] . The miRNA* sequences were predicted on the basis of 2-nt overhangs at the 3′ end and then searched for the presence of such predicted miRNA* sequences in our small RNA library.
Nutrient-deprivation treatments
Sorghum seeds were germinated in wet paper towels and seedlings were transferred to a 96-well PCR plate (with holes) sitting on a container. These seedlings were grown in a controlled growth chamber (22°C to 24°C) with a 16-h photoperiod and 600 μmol m −2 s −1 light intensity. Seedlings were grown in the presence of control media for 2 weeks, and later transferred to media containing indicated sulfate levels (0.02, 0.2, or 2.0 mM) or without phosphate or without copper for 5 days. After 5 days of nutrient starvation, seedlings were separated into roots and shoots and frozen in liquid nitrogen, and RNA was extracted.
Collection of plant tissue and RNA isolation
We used diverse tissue samples (3-week-old seedlings, middle leaves from the 6-week-old plants, middle leaves from the adult plants, flag leaves, stems, roots, emerging inflorescence and mature inflorescence in which seed setting has initiated), which were collected and immediately froze them in liquid nitrogen for storage at −80°C until use. Total RNA was isolated from different tissues with TRIzol (Invitrogen) and low-molecular weight RNA (LMW) fraction was isolated from the total RNA by precipitating high molecular weight RNAs with the use of PEG (5%) and NaCl (500 mM).
Small RNA blot analysis
LMW RNA (20 μg) was resolved on a 15% polyacrylamide gel containing 7 M urea in TBE buffer along with labeled 21-24 nt RNA markers. The size-fractionated small RNAs were then transferred to Hybond-N+ (Amersham) membranes, UV cross-linked and baked for 1 h at 80°C. Blots were pre-hybridized for at least 1 h and hybridized at 38°C with a labeled DNA oligonucleotide probe complementary to miRNA sequence. Blots were washed 3 times at 50°C with washing buffer (2xSSC, 0.1% SDS) and autoradiographed using a phosphorimager. Membranes were stripped and re-probed with a labeled U6 (small nuclear RNA), which served as a loading control.
Bioinformatic prediction of miRNA targets and their validation
To predict potential targets for Sorghum miRNAs, the annotated Sorghum coding sequences were used for searching complementary sequences to the miRNAs (http://genome.jgi-psf.org/Sorbi1/Sorbi1. download.ftp.html, filtered models). To obtain the annotation for Sorghum genes, Sorghum coding sequences were aligned to the cDNA sequences of Arabidopsis thaliana (http://www.tair.org/, release 9) and rice (http://rice.plantbiology.msu.edu/data_download. shtml, release 6.1) by use of BLAST. The gene annotations of the best-matched Arabidopsis and rice cDNAs were treated as putative annotations for Sorghum genes. In predicting targets, we allowed a maximum of 3.5 mismatches (G:U pair is treated as half mismatch) between the miRNA and its target mRNA [27] . A modified RNA ligase-mediated rapid amplification of cDNA ends (5′RACE) assay was used to verify whether the predicted miRNA target was subjected to cleavage in vivo [14] . The final PCR products were gel-purified, cloned and sequenced.
Results and discussion
Sequencing small RNA populations has the potential to find novel miRNAs, besides identifying conserved miRNA homologs. We constructed and sequenced a small RNA library using RNA isolated from 3-week-old Sorghum seedlings. A total of 619,010 sequences of 18 to 26 nt were obtained after removing the adapter sequence ( Table 1 ). The highest read abundance was found for 21-and 24-nt small RNAs, which is consistent with the size of the Dicer products ( Fig. 1) . In plants, small RNA populations have been shown to have two peaks, one at 21 nt and the other at 24 nt. The 24-nt peak is much larger than the other peaks ( Fig. 1) , which is also consistent with several reports from plants [20] [21] [22] [23] . From the total reads, we established a dataset of unique reads with their read counts ( Table 1) . This dataset was used to search for the degradation products from rRNA, tRNA, small nuclear RNA, small nucleolar RNAs and mRNAs, whose sequences were excluded from further analysis. The filtered reads were used to identify conserved miRNA homologs by mapping to miRBase. The remaining set of sequences with perfect matches to the Sorghum genome was used to identify novel miRNAs in Sorghum.
Conserved miRNAs in Sorghum
Approximately 21 miRNA families are highly conserved between dicotyledonous and monocotyledonous plants. Additionally, miR403 is conserved in dicotyledonous plants only, and miR437, miR444, miR528, miR1126, miR1318, and miR1436 are found only in monocots (miRBAse release version 16). A few other miRNAs such as miR529, miR530 and miR827 are conserved in some of the monocots as well as dicots, whereas miR158, miR391, miR2118, miR2119 and miR2199 are conserved among within specific dicot lineages [21, 22] . Furthermore, several species-specific miRNAs have been also reported from Arabidopsis, rice, M. truncatula, Physcomitrella and Populus [12, [17] [18] [19] [20] 22] .
We identified 113 conserved miRNA homologs belonging to 31 distinct miRNA families (Table 2 and Supplemental Table 1 ) in Sorghum by processing the small RNA reads. With the exception of miR162 and miR399, we identified miRNA families that are broadly conserved between dicots and monocots (Table 2) . miR399 is known to be abundantly expressed under phosphate-limiting conditions [28, 29] . miR162 is highly conserved and targets DCL-1, which processes mature miRNAs from their precursors. Bioinformatics analysis suggested the conservation of miR162 in Sorghum [8] , but the absence of miR162 sequence in the library implies that it is expressed at extremely low levels in seedlings. We have performed small RNA blot analysis using 20 μg low molecular weight RNA from different Sorghum tissues but unable to detect signal for miR162. Non-recovery of miR162 sequences in the small RNA library and inability to detect its expression using small RNA blot analysis (data not shown) in diverse tissues suggest that the expression abundance is extremely low in Sorghum. Consistent with these observations, miR162 is also expressed at extremely low levels in rice seedlings [15] . We also identified miR529, miR530, miR827, miR437, miR444, miR1126, miR1318 and miR1436 in Sorghum (Table 2) , which have been reported only from monocot species. The fold-back structures for all these Sorghum miRNA precursors could be predicted using mfold [25] (Supplemental Fig. 1 ). Interestingly, miR894 homolog was found in Sorghum small RNA library (Table 2 and Supplemental Table 1 ). Thus far, miR894 has been reported only from Physcomitrella patens, a moss, and homologs were not found in Arabidopsis, rice, Populus, grapevine, M. truncatula, maize or other plant species for which highthroughput sequencing of small RNA populations have been performed (miRBAse release version 16).
The abundance of different miRNA families can be inferred from their frequency in the library. The read abundance for each of these miRNA families varied highly; the miR166 family is the most abundantly expressed, followed by miR159, miR444, miR396 and miR167. By contrast, the least-abundant expression was found for miR393, miR437, miR1126 and miR1436 (Supplemental Table 1 ). Similarly, miR390 was represented by least number of reads in the library. Interestingly, the frequency of TAS3-siRNAs is much greater than that of miR390 in Sorghum seedlings (Supplemental Table 1 ). TAS3-siRNA generation depends on miR390, because miR390-directed cleavage on 6  miR827  55  miR894  310  miR1126  2  miR1318  8  miR1436  2  miR2118  12  miR2910  764  tasiRNA3a  10  ARFs  tasiRNA3b 73 ARFs TAS3 precursors sets the stage for converting it into dsRNA and subsequently processing TAS3-siRNAs in a phased manner [22, 30] . Most conserved miRNA families are represented by the same sequence or a slight variation in the nucleotide sequence at multiple loci in plants. Each of these loci appears to differ in expression, which could confer a tissue-or cell-specific expression of different members within a miRNA family. Therefore, the locus that is highly expressed must be assessed. The expression from each of these loci can be assessed by the frequency of their appearance in the library, provided that these members vary in at least 1 nt. On the basis of a slight variation in nucleotide sequence, miR169 and miR444 are the largest miRNA families and are represented by 14 and 12 members, respectively in Sorghum (Supplemental Table 1 ). The next largest are miR166 (11 members), miR160, miR167 and miR168 (9 members each), and the miR56, miR159 and miR167 families (8 members each); several families such as miR319, miR390, miR393, miR398, miR437, miR529 and miR530 are represented by a single member. A greater disparity exists among different members of the same miRNA families (i.e., few variants/loci are most abundantly expressed than the others). For instance, the miR166a-3 variant is the most abundantly expressed (1226 TPM; transcripts per million), whereas miR166f-2 is the least expressed (10 TPM) in seedlings; similarly, miR159a is represented by 331 TPM, and miR159c is represented by 3TPM; miR167C-2 by 129 TPM and miR167h by 2 TPM (Supplemental Table 1 ). Eight of the miR168 members showed almost a similar level of expression as represented by their frequency (Supplemental Table 1 ). Interestingly, eight miR168 variants have been identified in the small RNA library suggesting that miR168 family may be represented by eight loci in Sorghum. miR168 is represented by fewer loci (1 or 2) in Arabidopsis, rice and others; therefore, it appears that miR168 in Sorghum underwent not only additional duplications but also diverged in its sequence. Some of the highly conserved miRNAs are induced when specific nutrients are deprived, which suggests that miRNAs play an important role in nutrient homeostasis [3, 31] . miR395 is induced under sulfate deficiency and miR399 under phosphate deficiency in Arabidopsis, Brassica sp. and M. truncatula [22, [32] [33] [34] , although such regulation has not been observed in switchgrass [23] . Albeit at a low frequency, we found miR395 reads in our library generated from 3-week-old seedlings grown on hydroponic medium containing an optimal level of sulfate levels in the nutrient media (Table 2 and Supplemental Table 1 ). The recovery of miR395 reads from Sorghum seedlings suggests a basal expression of miR395 under normal conditions. However, we could not recover reads for miR399, which is induced under phosphate deficiency.
Expression analysis of conserved miRNAs
Temporal miRNA expression analysis in rice, Arabidopsis, M. truncatula and switchgrass indicated that some miRNAs expressed only in certain cell types or tissues, or certain developmental stages [13, 22, 23, [35] [36] [37] . The expression of 15 conserved miRNA families was analyzed in 8 different Sorghum tissues (3-week-old seedlings, middle leaves from 6-week-old plants, middle leaves from adult plants, flag leaves, stems, roots, emerging inflorescence and mature inflorescence with seed setting was initiated) (Fig. 2) . Several miRNAs, miR172, miR156, miR319, miR159, miR529, miR164, miR160, miR167 and miR169, showed the highest expression in inflorescence relative to other tissues (Fig. 2) . As well, the expression levels varied highly between mature and young inflorescence tissues: miR156, miR159, miR160, miR164, miR319 and miR172 were expressed at low levels in young inflorescence, whereas miR396 was expressed at high levels in mature inflorescence. Also, miR156 and miR159 expression levels greatly varied between the leaves from young plants or adult plants: low expression in leaves from young plants but high expression in leaves from adult plants (Fig. 2) . miR529 had almost a similar level of abundance in both young and mature inflorescence tissues (Fig. 2) . Both miR168 and miR167 showed almost uniform expression in all tissues examined, with the exception that mature inflorescence had relatively high level of expression whereas the young inflorescence had the least expression (Fig. 2) . In Sorghum seedlings, miR156 is abundantly expressed; miR167, miR169, miR172, miR390 and miR444 are moderately expressed; miR393 and miR529 are expressed at extremely low abundance and miR164, miR396 and miR319 could not be detected (i.e., below the detection limit). With the exception of miR169 and miR396 (miR169, miR396 and miR444), which had low expression levels in stem and root, the remaining 13 miRNAs did not differ in their abundance in roots and stems.
miRNAs induced under nutrient deprivation
It is known that miR395, miR399 and miR398 in Arabidopsis and M. truncatula are induced in response to sulfate-, phosphate-and copperdeprived conditions, respectively [22, 28, 33, 38] . In addition, the expression of miR397 and miR408 is elevated in response to copper deficiency in Brassica and Arabidopsis [32] [33] [34] . By contrast, miR395 and miR399 are constitutively expressed in plants grown with optimal levels of nutrients but not induced in response to sulfate-and phosphate-deprivation in switchgrass, a plant species adapted to marginal soils with poor nutrient availability [23] . To analyze the response of miR395, miR397, miR398, miR399 and miR408 in Sorghum, 3-week-old seedlings were exposed to sulfate, phosphate or copper-deprived conditions. miR395 was induced in shoots and roots in response to low sulfate (Fig. 3A) . miR399 was induced during phosphate deficiency in both roots and shoots (Fig. 3B) . miR397, miR398 and miR408 were induced in shoots and roots in response to copper deficiency (Fig. 3C) .
Prediction of miRNA targets and their validation
A total of 100 genes were predicted as targets for conserved miRNAs (Table 2 and Supplemental Table 2 ). We were unable to predict the targets for some of the conserved miRNAs because the Sorghum genome annotation is still incomplete. The predicted targets are predominantly transcription factors: miR156 is predicted to target 7 Squamosa promoter binding transcription factors; miR159, 4 MYB transcription factors; miR160, 6 auxin response factors; miR164, 6 No Apical Meristem-containing transcription factors; miR165/166, 8 Homeobox transcription factors; miR167, 3 auxin response factors; miR168, 4 piwi-domain-containing Argonaute proteins; miR169, 2 nuclear transcription factor Y subunit; miR170/171, 7 SCARECREW (GRAS domain-containing) transcription factors; miR172, 4 Apetala-2-related transcription factors; miR319, 5 TCP/MYB factors miR396, 6 growth-regulating transcription factors; and miR444, 5 MADS box transcription factors (Table 2 and Supplemental Table 2 ). Other predicted targets include F-box containing proteins (miR394), a sulfate transporter and an ATP sulfurylase (miR395), 11 laccases (miR397), 2 Cu/Zn superoxide dismutases (miR398), 4 inorganic phosphate transporters (miR399), 1 ubiquitin-activating enzyme (miR399), 5 plastocyanin-domain containing proteins (miR408), and 2 laccases (miR408) ( Table 2 and Supplemental Table 2 ). Interestingly, AGO-1 homologs underwent multiple duplications in monocots, and 4 of these homologs are targeted by miR168 in rice [39] . Similarly, miR168 family has been predicted to target 4 AGO-1 homologs in Sorghum. Tas3siRNAs have been predicted to target 4 auxin response factors, like in other plant species. These target genes are likely to be involved in wide variety of physiological processes including growth and development, nutrient acquisition, translocation and assimilation and biotic and abiotic stress responses in Sorghum.
mRNAs that are not targeted by the miRNAs will be intact, with a polyA tail at the 3′end and a cap structure at the 5′end. However, mRNAs, which are subjected to miRNA-guided cleavage, are sliced between 10th and 11th nt of the complementary region. Such cleaved products can be verified by modified 5′-RACE assay [14, 40] . Using this assay, ATP sulfurylase targeted by miR395 (Fig. 4A) , laccase (multicopper oxidase) targeted by miR397 (Fig. 4B) , Cu/Zn superoxide dismutase targeted by miR398 (Fig. 4C ) and phosphate transporter targeted by miR399 (Fig. 4D) were confirmed as targets by mapping the respective miRNA-directed cleavages in vivo.
Identification, characterization and expression analysis of novel miRNAs in Sorghum
Recent deep-sequencing efforts in Arabidopsis, rice, M. truncatula and several other plant species led to the identification of several novel miRNAs, which are either conserved in closely related species (lineage-specific) or not conserved but species-specific miRNAs [15] [16] [17] 20, 22, 41] . Given the plant small RNA populations include not only miRNAs but also endogenous siRNAs, which outnumbers the miRNA population both in number and diversity, identifying such novel nonconserved miRNAs requires their detection in dcl-1 mutant which is unavailable for many plant species. Because of this situation and that some of the siRNAs in the miRBase have been mis-annotated as miRNAs, the plant small RNA community has established a set of criteria for correct annotation of miRNAs, particularly "non-conserved miRNAs" in plants, which includes the sequencing of an miRNA* read in the library [26] . Our sequence analysis revealed 13 candidates as potential novel miRNAs based on the predicted fold-back structures (Fig. 5 ), but only 9 small RNAs (sbi-MIR5564a, sbi-MIR397, sbi-MIR5566, sbi- MIR5568, sbi-MIR5387b, sbi-MIR5569, sbi-MIR5570, sbi-MIR5565 and sbi-MIR5565d) are supported by the miRNA*, and the remaining 5 did not have a corresponding star-sequence in the library (Table 3) . Limited sequencing depth (about 619,000 reads in this study relative to several millions of reads in other studies) may be a reason for not sequencing miRNA* read for some of the novel low-abundant miRNAs in Sorghum. For 4 cases (sbi-MIR5564b, sbi-MIR5565e, sbi-MIR5567 and sbiMIR5565c), which appeared to be novel miRNAs but did not have corresponding miRNA* sequences in the library, we conducted miRNA* expression analysis with small RNA blot analysis. Because the abundance of miRNA* species is usually lower than that of miRNA species, we used relatively higher amounts of RNA (50 μg of low-molecular-weight RNA) for detecting miRNA* species, as compared with 20 μg used for detecting the expression of novel miRNAs. Small RNA blot analysis revealed the miRNA* expression for 4 novel mRNAs (sbi-MIR5564b, sbi-MIR5565e, sbi-MIR5567 and sbi-5565c) but not for surrounding 21 nt probes (data not shown). The conservation of novel miRNAs in closely related species could be additional supporting evidence for the annotation of novel small RNAs as "novel miRNAs" [22] . To examine the conservation of these novel miRNAs in closely related monocots, we performed BLAST searches against the NCBI EST database. Surprisingly, 7 of these novel miRNA sequences are conserved at least in one another monocot (sugarcane, maize, wheat or switchgrass), which suggests that some of these could be designated monocot-specific or lineage-specific miRNAs (Supplemental Fig. 2 ). Fold-back structures for the novel miRNA precursors from sugarcane, wheat or maize could be predicted from their precursor sequences (Supplemental Fig. 2 ). On the basis of miRNA* reads in the library, detection of miRNA* expression by small RNA blot analysis and/or their conservation in related monocots, we annotated 13 small RNAs as "novel miRNAs" in Sorghum. Seven novel miRNAs are conserved at least in one another monocot plant species, which strongly suggests their annotation as novel lineage-specific miRNAs. Because the homologs for the remaining 7 miRNAs (sbi-MIR5566, sbi-MIR5564b, sbi-MIR5567, sbi-MIR5387b, sbi-MIR5569, sbi-MIR5570 and sbi-MIR5565d) could not be found in other monocots, these could be annotated as Sorghum-specific miRNAs. Interestingly, the frequency (reads count) of a few novel miRNAs (sbi-MIR5564a, sbi-MIR5564b and sbi-MIR5565c) is substantially higher and even greater than that of several conserved miRNAs (Tables 2 and 3) . Recently evolved miRNAs show inaccurate processing of the precursor, resulting in a somewhat heterogeneous population of mature miRNAs. We observed such heterogeneous population of miRNAs and miRNA-stars for several novel miRNAs in Sorghum (Supplemental Fig. 3) .
We also analyzed the expression of these novel miRNAs in several tissues. We could detect abundant and ubiquitous expression of sbiMIR5564a in all tissues analyzed (Fig. 6) . By contrast, most other novel miRNAs showed low and uniform expression in all tissues, with the exception of sbi-MIR5566 and sbi-MIR5564b, which showed high expression in root tissue relative to other tissues.
We also predicted 25 genes as potential targets for the 13 novel miRNAs (Supplemental Table 3 ). Most of the predicted novel miRNA targets are hypothetical proteins implying that the predicted targets are novel genes and may have specific functions in Sorghum. However, some known genes such as E3 ubiquitin protein ligase (sbi-MIR5565), SNARE protein syntaxin (sbi-MIR5565d), SAM decarboxylase (sbi-MIR5570), putative receptor kinases (sbi-MIR5565f) and oxidoreductase and arabinogalactan protein (sbi-MIR5565e) are also among the predicted targets for the novel miRNAs in Sorghum (Supplemental Table 3 ). Two of these novel miRNA targets (an oxidoreducatse targeted by novel miR-sbi-MIR5565f and a hypothetical protein targeted by novel miR-S91856) have been validated in Sorghum (Fig. 4E and F) .
Our current knowledge of the regulatory roles of miRNAs and their targets point to their fundamental functions in various aspects of plant development, including auxin signaling, meristem boundary formation and organ separation, leaf development and polarity, seedling development, embryo development, phyllotaxy, lateral root formation, transition from juvenile-to-adult vegetative phase and from vegetative-to-flowering phase, floral organ identity, petal number and reproduction [1, 2] . In addition to their roles in development, miRNAs play important roles in adaptation to biotic and abiotic stresses, including phosphate, sulfate and copper-deprived conditions [3, 31] . Furthermore, overexpression of miR156 causes a delay in flowering, initiates leaves faster and also causes a severe decrease of apical dominance in Arabidopsis [27] . The combination of these traits leads to a 10-fold higher total leaf number in transgenic plants than in wild-type plants. Similarly, miR169 plays a role in drought tolerance 
